In this study, hybrid composites reinforced with Carbon short bers and alumina short bers were optimized using low-pressure casting. The total fraction of bers in the composite was 10 vol%, with equal parts of Carbon short bers and alumina short bers (i.e., 5 vol% each). For comparison with the hybrid composites, two composites were separately reinforced with 10 vol% each of the Carbon short bers and alumina short bers. All the composites were fabricated using a low-pressure casting process by in ltrating molten Al (A1070) into a preform. Both types of short bers were randomly distributed inside the Al matrix, and the low-pressure casting method achieved dense hybrid composite materials (over 98% relative density). The Vickers hardness and thermal conductivity of the composites were investigated.
Introduction
In eld of thermal management materials, lightweight composite materials with high thermal conductivity (TC) are expected to be utilized as heat sink materials for parts that generate high heat 1) . Recently, metal matrix composites (MMCs) reinforced with SiC have been widely developed as heat sink materials 2) . However, the composite materials reinforced with SiC are dif cult to machining due to their high hardness property.
Carbon ber (CF) -reinforced aluminum composites possess high thermal and electrical conductivity, extremely low coef cient of expansion (CTE), and good mechanical properties. Combining CF and aluminum can lead to lightweight heat sink components with high TC and good workability [3] [4] [5] . However, CF has poor wettability with aluminum, and CF and Al inevitably react at the ber/matrix interface to form Al 4 C 3 , which has low TC and thus negatively affects the TC of composites. Many researchers in both chemical and mechanical elds have attempted to characterize the Al 4 C 3 phase 6) . Meanwhile, alumina ber, which has a composition of 80 Al 2 O 3 -20 SiO 2 (mass%), has better wettability with aluminum and a lower CTE than CF or SiC. However, alumina-ber-reinforced aluminum composites are less strong than CF-or SiC-ber-reinforced aluminum composites. Recently, hybrid ber-reinforced aluminum composites have attracted a great deal of attention 7) . Hybridization of reinforcements has gained signi cant importance in enhancing the properties of MMCs 8) . In the present study, we introduced aluminum hybrid composites reinforced with both carbon and alumina short ber, which we fabricated using a low-pressure casting method. The microstructures of the hybrid composites were observed, and their Vickers hardness and TC were evaluated.
Materials and Experimental Procedures
Prior to the fabrication of carbon-short-ber/alumina-short-ber-reinforced aluminum hybrid composites by low-pressure casting, the preparation of a porous carbon short ber/alumina short ber preform is required. The porous preform was fabricated by bridging a SiO 2 sol to both carbon short bers and alumina short bers with a stirring method. carbon short bers (CSFs) with a diameter of 11 µm and a high TC (K13D2U, Aspect ratio: 230, Mitsubishi Rayon Co., Japan) and alumina short bers (ASFs) with a diameter of 3.5 µm and a low cost (Al 2 O 3 :SiO 2 = 80:20 mass%, Aspect ratio: 57, Denka Co., Japan,) were used as the reinforcements, and a SiO 2 sol (ST-ZL, Nissan Chemical Industries, Ltd., Japan) was used as the binder to fabricate the cylindrical preform (∅30 × 10 mm), which was dried at 403 K followed by sintering at 1433 K in Ar gas. Then, the composites were fabricated by a low-pressure casting method at 1073 K in Ar gas under a pressure of 0.4 MPa by in ltrating molten Al (A1070) into the preform. The total fraction ofbers in the composite was 10 vol% with equal volumes of each type of short ber (i.e., 5 vol% each). In addition, two composites were separately reinforced with 10 vol% carbon short ber and 10 vol% alumina short ber for comparison with the hybrid composites. The microstructure of the composites was observed using a scanning electron microscope (SEM). Elemental mapping analyses was performed using an electron probe micro analyzer (EPMA, JXA8900RL; Japan). The relative densities were calculated by Archimedes method. The Vickers hardness of each sample was measured 10 times under 300 N. The TCs were measured by the steady-state method (SSM) 9) . Figure 1 shows SEM images of each preform: (a) carbon short ber preform (10 vol%), (b) carbon short ber * Corresponding author, E-mail: ybchoi@hiroshima-u.ac.jp (5 vol%)/alumina short ber (5 vol%) hybrid preform and (c) alumina short ber (10 vol%) preform. The SEM images indicated that both types of short bers were well dispersed in the preform. The ber network helped to distribute the SiO 2 binder within the preform. In the case of the hybrid preform ( Fig. 1 (b) ), most of the carbon and alumina short ber were found to be dispersed as a network system. Figure 2 shows optical microscope images of each composite: (a) the carbon-only reinforced Al composite (CSF-Al composite), (b) the carbon/alumina reinforced Al hybrid composite (CSF/ASF-Al composite) and (c) the alumina-only reinforced Al composite (ASF-Al composite). The bers were randomly distributed inside the matrix. However, the CSF-Al exhibited defects between the bers. These defects formed because of the poor wettability between the carbon short ber and the metal. The relative density of CSF-Al composite, CSF/ASF-Al composite and ASF-Al composite were 96.5%, 98.3%, and 97.9% respectively. Note that the ASF-Al composite and CSF/ASF-Al composite had higher relative densities than the CSF-Al composite. This implies that the ASFs exhibited better wettability with aluminum than the CSFs. An interfacial layer was observed between ber and matrix. Figure 3 shows back-scattered electron (BSE) images of the CSF/ASF-Al composite containing the SiO 2 binder and element mappings of the ber/ matrix interface and the matrix. Layer interface of ber/matrix was observed. The EPMA analysis con rmed the presence of an oxide layer composed of Al and O almost completely covering the surfaces of the carbon and aluminabers. These results suggest that γ-Al 2 O 3 was produced by the interfacial reaction between aluminum and the SiO 2 binder, i.e., 4Al + 3SiO 2 → γ-Al 2 O 3 + 3 Si, which resulted in the improved interfacial wettability between the ber and matrix 7) . Figure 4 (a) shows that the Vickers hardnesses of the CSF-Al composite, CSF/ASF-Al composite, and ASF-Al composite were 33.3 Hv, 32.8 Hv, and 26.2 Hv, respectively. The Vickers hardness of the pure aluminum matrix was 19 Hv. The hardnesses of the C SF/ASF-Al composite and CSF-Al composite were similar, and all of the samples were harder than the aluminum matrix. This indicates that neither ber increased the hardness of the composites, the CSFs, both alone and in combination with alumina, led to higher hardness values. Indeed, the Vickers hardness of the CSF/ASF-Al composite was in- Fig. 1 SEM images of preform with 10% volume fraction ber: carbon short ber preform (a), carbon short ber/alumina short ber hybrid preform (b) and alumina short ber preform (c). creased by about 76% relative to that of the aluminum matrix. Figure 4 (b) shows the hardness results for each ber as measured by a nano-indenter. The indentation hardness of the carbon short ber, alumina short ber, and γ-Al 2 O 3 (the reaction layer) were 70.0, 11.9, and 9.6 H IT respectively. The 5 vol% fraction of carbon short ber in the CSF/ASF-Al composite thus prevented the hardness from decreasing due to the aluminum short ber. Figure 5 shows the thermal conductivities of the CSF-Al composite, CSF/ASF-Al composite, and ASF-Al composite, which were 245.8, 215.8, and 132.8 W·m , ber aspect ratio: 230, ∅11 µm, volume fraction: 10%) exhibited the highest thermal conductivity. However, the TC of the CSF/ASFAl composite was only 12% lower than that of carbon-only composite. In contrast, the TC of the ASF-Al composite was 46% lower than the CSF-Al composite. The smaller loss in the CSF/ASF-Al composite s TC can be attributed to the high TC and aspect ratio of the carbon ber. In the previous study 10) , thermal conductivities of unidirectional and transverse-CF/Al composites with 30% volume fraction were reported the 273.2 W·m . In addition, there was no anisotropic the direction of ber.
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Conclusions
A low-pressure in ltration casting method for fabricating a CSF/ASF-Al composite was developed. The signi cant results are summarized below.
CSFs and ASFs were randomly distribution inside the matrix. A dense CSF/ASF-Al composite (over 98% relative density) was fabricated using low-pressure casting. The surfaces of the CSFs and ASFs were almost completely covered with an oxide layer. The oxide layer suggests that γ-Al 2 O 3 could be produced as a result of the interfacial reaction between aluminum and the SiO 2 binder, i.e., 4Al + 3SiO 2 → γ-Al 2 O 3 + 3 Si, which improved the interfacial wettability between the ber and matrix. The Vickers hardness of the CSF/ASF-Al composite was 31 Hv, which was 70% higher than that the aluminum matrix. The CSF/ASF-Al composite with 5 vol% carbon short ber and 5 vol% alumina shortber exhibited high TC of 215.8 W·m .
